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Abstract
We propose a neutrino model in which neutrino masses are generated at one loop level and three
right-handed fermions have non-trivial charges under U(1)B−L gauge symmetry in no conflict with
anomaly cancellation. After the spontaneously symmetry breaking, a remnant Z2 symmetry is
induced and plays an role in assuring the stability of dark matter candidate.
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I. INTRODUCTION
Radiatively induced neutrino mass models are attractive candidate to explain the small-
ness of neutrino masses. In such models, neutrino masses are not allowed at the tree level
by some symmetries and they are generated at loop level. Moreover dark matter (DM)
candidate can easily be accommodated as a particle propagating inside a loop diagram gen-
erating the masses of neutrinos. Based on these ideas, one loop induced neutrino models
have widely been studied by a lot of authors; for example, see refs. [1–98]. In addition,
refs. [99–103] discuss the systematic analysis of (Dirac) neutrino oscillation, charged lepton
flavor violation, and collider physics in the framework of neutrinophilic and inert two Higgs
doublet model (THDM), respectively.
In many models, an additional discrete Z2 symmetry has to be imposed in order to forbid
tree level masses of neutrinos and to guarantee the stability of DM. However U(1)B−L gauge
symmetry can play such a role by taking non-trivial charge assignment of standard model
(SM) gauge singlet fermions as shown in ref. [104], where the lightest neutral particle with
non-trivial U(1)B−L charge can be a DM candidate. In this case, its stability is assured
by a remnant Z2 symmetry after the spontaneous U(1)B−L symmetry breaking. Thus it is
interesting to construct a radiative neutrino mass model based on the alternative charge
assignment of U(1)B−L.
In this paper, we construct and analyze a model of U(1)B−L with alternative charge
assignment, in which neutrino masses are generated at one loop level by introducing some
exotic scalar fields. Also we consider a physical Goldstone boson (GB), which is induced as
a consequence of global symmetry in our scalar potential introducing two types of SM gauge
singlet scalar fields with nonzero U(1)B−L charges and vacuum expectation values (VEVs).
We provide formulas of neutrino mass matrix, decay ratio of lepton flavor violating process
and relic density of our DM candidate that is determined by interactions associated with
the physical GB and an additional vector gauge boson Z ′ from U(1)B−L. Then numerical
global and benchmark analyses are carried out to search for parameter sets that can fit
the neutrino oscillation data and satisfy experimental constraints of lepton flavor violations
(LFVs) and relic density of DM.
This paper is organized as follows. In Sec. II, we show our model, and formulate the
neutral fermion sector, boson sector, lepton sector, and dark matter sector. Also we analyze
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Fermions QL uR dR LL eR NR1 NR2 NR3
SU(3)C 3 3 3 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 1 1
U(1)Y
1
6
2
3 −13 −12 −1 0 0 0
U(1)B−L 13
1
3
1
3 −1 −1 −4 −4 5
Bosons H η s ϕ1 ϕ2
SU(3)C 1 1 1 1 1
SU(2)L 2 2 1 1 1
U(1)Y
1
2
1
2 0 0 0
U(1)B−L 0 −3 4 1 8
TABLE I: Field contents of fermions and bosons and their charge assignments under SU(3)C ×
SU(2)L × U(1)Y × U(1)B−L, where flavor indices are abbreviated.
the relic density of DM without conflict of direct detection searches, and carry out global
analysis. Finally We conclude and discuss in Sec. III.
II. MODEL SETUP AND PHENOMENOLOGIES
In this section, we introduce our model. First of all, we impose an additional U(1)B−L
gauge symmetry with three right-handed neutral fermions NRi(i = 1 − 3), where the right-
handed neutrinos have U(1)B−L charge −4, −4 and 5. Then all the anomalies we have to
consider are U(1)3B−L, and U(1)B−L, which are found to be zero [104]. On the other hand,
even when we introduce two types of isospin singlet bosons ϕ1 and ϕ2 in order to acquire
nonzero Majorana masses after the spontaneous symmetry breaking of U(1)B−L, one cannot
find active neutrino masses due to the absence of Yukawa term L¯LH˜NR. Thus we introduce
an isospin singlet and doublet inert bosons s and η with nonzero U(1)B−L charges, and
neutrino masses are induced at one-loop level as shown in Fig. 1. Also the stability of
DM is assured by a remnant Z2 symmetry at renormalizable level after the spontaneous
breaking where NRi , η and s are Z2 odd and the other fields are Z2 even
1. Field contents
and their assignments for fermions and bosons are respectively given by Table I. Under
these symmetries, the renormalizable Lagrangian for lepton sector and Higgs potential are
1 At non-renormalizable level we would have Z2 breaking term inducing decay of DM such as L¯NR1,2Hϕ
3
1.
Such a term is suppressed by cut-off scale and we can assume DM is sufficiently long-lived.
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respectively given by
−LL = (yℓ)abL¯LaeRbH + (yν)aiL¯La η˜NRi + yNi3N¯CRiNR3ϕ∗1 + y′NijN¯CRiNRjϕ2 + c.c., (II.1)
V = µ2HH
†H + µ2ηη
†η + µ2ss
∗s+ µ2ϕ1ϕ
∗
1ϕ1 + µ
2
ϕ2
ϕ∗2ϕ2
+ µ(s2ϕ∗2 + c.c.) + λ0(H
†ηsϕ∗1 + c.c.)
+ λH(H
†H)2 + λη(η†η)2 + λs(s∗s)2 + λϕ1(ϕ
∗
1ϕ1)
2 + λϕ2(ϕ
∗
2ϕ2)
2 + λHη(H
†H)(η†η)
+ λ′Hη(H
†η)(η†H) + λHs(H†H)(s∗s) + λHϕ1(H
†H)(ϕ∗1ϕ1) + λHϕ2(H
†H)(ϕ∗2ϕ2)
+ ληs(η
†η)(s∗s) + ληϕ1(η
†η)(ϕ∗1ϕ1) + ληϕ2(η
†η)(ϕ∗2ϕ2) + λsϕ1(s
∗s)(ϕ∗1ϕ1)
+ λsϕ2(s
∗s)(ϕ∗2ϕ2) + λϕ1ϕ2(ϕ
∗
1ϕ1)(ϕ
∗
2ϕ2) (II.2)
where H˜ ≡ (iσ2)H∗ with σ2 being the second Pauli matrix, (a, b) runs over 1 to 3, and (i, j)
runs over 1 to 2.
A. Scalar sector
The scalar fields are parameterized as
H =

 w+
v+h+iz√
2

 , η =

 η+
ηR+iηI√
2

 , s = sR + isI√
2
, ϕi =
v′i + ϕRi + iz
′
ϕi√
2
, (i = 1, 2),
(II.3)
where w+ and z are absorbed by the SM gauge bosons W+ and Z as Nambu-Goldstone
boson (NGB), and one of the massless CP odd boson after diagonalizing the matrix in basis
of (z′ϕ1 , z
′
ϕ2) with nonzero VEVs is absorbed by the B − L gauge boson Z ′.
CP-odd scalar (Z2 even) : As a result, one physical massless CP-odd GB is induced, which is
due to a breaking of global symmetry in the scalar potential associated with ϕ1,2; an golobal
U(1) symmetry under which ϕ1 and ϕ2 transforms separately. Note that we have freedom
to identify which component of (z′ϕ1 , z
′
ϕ2
) is the GB, and we choose G ≡ z′ϕ1 to be GB in
our analysis. One can identify the CP-odd boson of ϕ1 as NGB, when v
′
2 << v
′
1. Here we
consider the CP-odd boson of ϕ2 is a physical GB; z
′
ϕ2 , and it contributes to phenomenologies
such as DM. We also note that the existence of this physical Goldstone boson does not cause
serious problem in particle physics or cosmology since it does not interact with SM particles
directly and decouples from thermal bath in early Universe. Also we assume that coupling
between G and SM Higgs is negligibly small by choosing parameters in scalar potential, and
4
GB does not affect phenomenology; the contribution to relativistic degrees of freedom by
GB is also small since it decouples in early stage of the universe due to small interactions.
CP-even scalar: Inserting tadpole conditions, the CP even matrix in basis of (ϕR1 , ϕR2 , h)
with nonzero VEVs is given by
M2R ≡


2v′21 λϕ1 v
′
1v
′
2λϕ1ϕ2 vv
′
1λHϕ1
v′1v
′
2λϕ1ϕ2 2v
′2
2 λϕ2 vv
′
2λHϕ2
vv′1λHϕ1 vv
′
2λHϕ2 2v
2λH

 , (II.4)
where we define the mass eigenstate hi (i = 1 − 3), and mixing matrix OR to be mhi =
ORM
2
RO
T
R and (ϕR1 , ϕR2 , h)
T = OTRhi. Here h3 ≡ hSM is the SM Higgs, therefore, mh3 =125
GeV. In addition, we assume mixing among SM Higgs and other CP-even scalars are small
to avoid experimental constraints for simplicity.
The inert scalar sector: we obtain mass matrix in the basis of (sR(I), ηR(I)) such as
M2sR(I)ηR(I) =
1
2

v′21 λsϕ1 + v2λHs + λsϕ2v′22 + 2µ2s (−)λ0v′1v
(−)λ0v′1v v′21 ληϕ1 + v2(λHη + λ′Hη) + v′2ληϕ2 + 2µ2η

 .
(II.5)
In our analysis, we assume λ0 ≪ 1 so that mixing between sR(I) and ηR(I) is small, and we
apply mass insertion approximation in calculating neutrino mass matrix below. Thus each
of mass eigenvalues as a leading order is given by
m2sR(I) ≈ m2s ≡
v′21 λsϕ1 + v
2λHs + λsϕ2v
′2
2 + 2µ
2
s
2
, (II.6)
mηR(I) ≈ m2η ≡
v′21 ληϕ1 + v
2(λHη + λ
′
Hη) + v
′
2ληϕ2 + 2µ
2
η
2
, (II.7)
where we omit the mixing effect as an approximation. For charged scalar η±, we have no
mixing effect and its mass is simply given by
mη± = mη. (II.8)
Thus we have degenerated mass eigenvalues for components of inert doublet η in our ap-
proximation.
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Stability of the potential: The global minimum at 〈η〉 = 〈s〉 = 0 requires the following
conditions [110]:
0 < (λH , λη, λs, λϕ1 , λϕ2 , ληs, λHs, λsϕ1, λsϕ2 , λHη + λ
′
Hη, ληϕ1 + λ
′
ηϕ2
), (II.9)
0 < µvϕ2 , 0 <
√
λHsληϕ1 +
λ0
3
, 0 <
√
(λHη + λ′Hη)λsϕ1 +
λ0
3
, 0 <
√
λHϕ1ληs +
λ0
3
.
(II.10)
Physical Goldstone boson: Here we also discuss decoupling of the physical GB from ther-
mal bath where we assume it is thermalized via Higgs portal interaction following discussion
in ref. [105]. Note that Z ′ interaction is subdominant since Z ′ is heavy and gauge coupling
should be small from collider constraints as we discuss later. The effective interaction among
our GB z′ϕ2 and the SM fermions is induced from the interactions −1/(2v′2)ϕR2∂µz′ϕ2∂µz′ϕ2 ,
λHϕ2v
′
2vϕR2h and the SM Yukawa interactions such as:
− λHϕ2mf
2m2ϕR2
m2h
∂µz
′
ϕ2
∂µz′ϕ2 f¯ f, (II.11)
where mf is the mass of the SM fermion f , mh is the SM Higgs mass, and we take ϕR2 as
mass eigenstate for simplicity. The temperature at which z′ϕ2 decouples from thermal bath
is roughly calculated by [105]
collision rate
expansion rate
≃ λ
2
Hϕ2
m2f (kT )
5mPL
m4ϕR2
m4h
∼ 1, (II.12)
where mPL denotes the Planck mass and mf should be smaller than kT so that f is in
thermal bath. The decoupling temperature is then estimated as
kT ∼ 4.8GeV
( mϕR2
100GeV
) 4
5
(
GeV
mf
) 2
5
(
0.01
λHϕ2
) 2
5
. (II.13)
Thus z′ϕ2 can decouple from thermal bath sufficiently early and does not contribute to the
effective number of active neutrinos [106].
B. Gauge sector
After U(1)B−L symmetry breaking we have massive Z ′ boson. In this model, Z ′–Z mixing
could be induced only through kinetic mixing effect since Higgs doublet does not have B−L
6
FIG. 1: The one loop diagram which induces neutrino masses.
charge. Here we assume the kinetic mixing is negligibly small and we can avoid constraint
from mixing effect. The mass of Z ′ is then given by
mZ′ = gBL
√
v′21 + 64v
′2
2 ≃ gBLv′1, (II.14)
where we have applied v′1 ≫ v′2 for approximation. As we see below collider constraint
indicates U(1)B−L breaking scale is mZ′/gBL > 10 TeV.
C. Fermion Sector
The mass matrix for the neutral fermions in basis of NR1,2,3 , and given by
MN =
1√
2


y′N11v
′
2 y
′
N12
v′2 yN13v
′
1
y′N12v
′
2 y
′
N22
v′2 yN23v
′
1
yN13v
′
1 yN23v
′
1 0

 , (II.15)
where we define this matrix is diagonalized by 3 by 3 orthogonal matrix VN as Mψi ≡
(VNMNV
T
N )i i = 1 ∼ 3, where Mψi is the mass eigenvalue. The mass eigenstates are given
by ψi = (VN)ijNRj .
D. Lepton sector and lepton flavor violations
The charged lepton masses are given by mℓ = yℓv/
√
2 after the electroweak symmetry
breaking, where mℓ is assumed to be the mass eigenstate. The neutrino mass matrix is
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induced at the one-loop level as shown in Fig. 1, and its mass-insertion-approximation form
is given by 2
(Mν)αβ = (λ0vv
′
1)
2µv′2
4
√
2(4π)2
(Yν)αiMψi(Y
T
ν )iβ
m6s
Fν(rη, rψi),
Fν(r1, r2) =
(1− r1)(1 + r1 − 2r2)(r1 − r2)(1− r2)− (1− r2)2[r2 + r1(−2r1 + r2)] ln[r1] + (1− r1)3r2 ln[r2]
2(1− r1)3(1− r2)2(r1 − r2)2 ,
(II.16)
where ri ≡ (mi/ms)2, (Yν)αi ≡
∑3
j=1
(yν)αj(V TN )ji√
2
. Once we define Dν ≡ UMNSMνUTMNS ≡
UMNS(YνRY
T
ν )U
T
MNS, Yν can be rewritten in terms of observables and several arbitral pa-
rameters as:
Yν = U
†
MNSD
1/2
ν OR
−1/2, Rii ≡ (λ0vv
′
1)
2µv′2Mψi
4
√
2(4π)2m6s
Fν(rη, rψi), (II.17)
where O ≡ O(θ1, θ2, θ3), satisfying OOT = 1, is an arbitral 3 by 3 orthogonal matrix with
complex values, and UMNS and Dν are measured in [111]. Here typical order of Rii is shown
as
Rii ∼ 3.0× 10−2
(
TeV
ms
)6(
v′1
10TeV
)2 ( µ
TeV
)( v′2
TeV
)(
Mψi
TeV
)
λ20 GeV, (II.18)
where we have taken loop factor Fν to be O(1) for simplicity. Taking λ0 = 0.01(0.1), we
obtain Yν . 10
−2(4) since order of neutrino mass is O(10−10) GeV.
Lepton flavor violations: LFV processes ℓ → ℓ′γ are induced from the neutrino Yukawa
couplings at one-loop level, and their forms are given by
BR(ℓα → ℓβγ) ≈ 4π
3αemCαβ
3(4π)4G2F
∣∣∣∣∣
3∑
i=1
(Y †ν )βi(Yν)iαFlfv(ψi, η
±)
∣∣∣∣∣
2
, (II.19)
Flfv(a, b) ≡
2m6a + 3m
4
am
2
b − 6m2am4b +m6b + 12m4am2b ln
[
mb
ma
]
(m2a −m2b)4
, (II.20)
where αem ≈ 1/137 is the fine-structure constant, GF ≈ 1.17 × 10−5 GeV−2 is the Fermi
constant, and C21 ≈ 1, C31 ≈ 0.1784, C32 ≈ 0.1736. Experimental upper bounds are found
to be [112, 113]:
BR(µ→ eγ) . 4.2×10−13, BR(τ → eγ) . 3.3×10−8, BR(τ → µγ) . 4.4×10−13, (II.21)
2 Notice here that our one-loop function is different from the one of Ma model [4], since we apply a mass
insertion approximation method.
8
0 50 100 150 200 25010
-10
10-8
10-6
10-4
MΨ1GeV
S a=
13
HY
¾
Ν
L 1
a
HY
Ν
L a
2
0 50 100 150 200 25010
-10
10-8
10-6
10-4
MΨ1GeV
S a=
13
HY
¾
Ν
L 1
a
HY
Ν
L a
3
0 50 100 150 200 25010
-10
10-8
10-6
10-4
MΨ1GeV
S a=
13
HY
¾
Ν
L 2
a
HY
Ν
L a
3
FIG. 2: The correlation between Yukawa coupling squared related to the LFV and the lightest
neutral fermion mass Mψ1 .
where we define ℓ1 ≡ e, ℓ2 ≡ µ, and ℓ3 ≡ τ . Notice here that muon g − 2 is negatively
induced that conflicts with the current experimental data.
Here we scan some parameters and derive allowed parameter region. The parameter
ranges are chosen as
mη ∈ [100, 1000] GeV, (MN)ij ∈ [100, 10000] GeV, ms ∈ [100, 1000] GeV, (II.22)
where we fix µ = 100 GeV and λ0v
′
1 = 575 GeV. We then search for Yukawa couplings
(Yν)ij which can accommodate with neutrino oscillation data and satisfy LFV constraints.
Note also that we take degenerate mass for neutral and charged component of η to avoid
constraints from oblique parameters. In figs. 2, we show the global analysis to satisfy the
neutrino oscillation data and LFVs in terms of the lightest neutral fermion massMψ1 , (which
is identified as a DM candidate in the next subsection), and each of Yukawa coupling squared
related to the LFV, where all the input region parameters include what we use the analysis
of DM below. The black points show the allowed region from BR(µ → eγ), the red points
show the one from BR(τ → eγ), and , the blue points show the one from BR(τ → µγ).
All these constraints suggest that each of Yukawa coupling squared are of the order 10−4 at
most. In Fig. 3, we also show LFV BRs as functions of Mψ1 . We find that BR(µ → eγ)
9
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FIG. 3: The correlation between the LFV branching ratios and the lightest neutral fermion mass
Mψ1 .
tends to be slightly larger than the other BRs while BR(τ → eγ) and BR(τ → µγ) have
almost the same behavior.
E. Z ′ boson production at the LHC
Here we discuss collider physics of Z ′ boson in the model. Our Z ′ can be produced at the
LHC since it couples to quarks due to B − L charge. Basically Z ′ can decay into particles
with U(1)B−L charge if kinematically allowed. In our scenario, we consider decay modes of
SM fermion pair, DMs, and ϕR2z
′
ϕ2
where we consider negligibly small mixing in CP-even
scalar sector and we assume the other modes are kinematically forbidden. Notice that, for
DM, we focus on the lightest inert fermion ψ1, defining ψ1 ≡ X and Mψ1 ≡MX . The gauge
interactions of Z ′ are given by
LZ′ =gBLQ
X
BL
2
X¯γµγ5XZ ′µ + gBLQ
f
BLf¯SMγ
µfSMZ
′
µ
− gBLν¯γPLνZ ′µ + i8gBLZ ′µ(∂µϕR2z′ϕ2 − ϕR2∂µz′ϕ2), (II.23)
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FIG. 4: The product of Z ′R production cross section and BR(Z
′
R → ℓ+ℓ−) where region above red
curve is excluded by the latest data [109].
where gBL is B − L gauge coupling, QXBL ≡ −4 + 9(V ∗N)13(V TN )31 applying unitary condition
V †NVN = 1 , Q
f
BL is the charge of B − L symmetry for SM fermion fSM . Then the partial
decay widths are obtained as
ΓZ′→f¯SMfSM = Xf
(QfBLgBL)
2
12π
(
1 +
2mf2
SM
m2Z′
)√
1− 4m
2
fSM
m2Z′
, (II.24)
ΓZ′→XX =
(QXBLgBL)
2
24π
(
1 +
2M2X
m2Z′
)√
1− 4M
2
X
m2Z′
, (II.25)
ΓZ′→ϕR2z′ϕ2 =
4g2BL
3π
mZ′
(
1−
m2ϕR2
m2Z′
)3
, (II.26)
where Xf = 1/2(1) for SM neutrinos (charged leptons and quarks).
We estimate the Z ′ production cross section using CalcHEP [121] by use of the CTEQ6
parton distribution functions (PDFs) [108], implementing relevant interactions. In Fig. 4,
we show σ(pp→ Z ′)BR(Z ′ → ℓ+ℓ−) with ℓ = µ, e as a function of mZ′ applying mϕR2 = 200
GeV and mX = 250 GeV, which is compared with the current LHC limit. We find that
gauge coupling gBL should be O(0.01) or smaller to avoid the constraint when mZ′ . 1 TeV.
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F. Dark matter
In our scenario, we will focus on the lightest inert fermion ψ1 as the DM candidate,
ψ1 ≡ X and Mψ1 ≡ MX , as we discussed in previous subsection. Note also that we can
have bosonic DM candidate although we omit the discussion in this paper 3. Firstly, we
assume contribution from the Higgs mediating interaction is negligibly small and DM anni-
hilation processes are dominated by the gauge interaction with Z ′; we thus can easily avoid
the constraints from direct detection searches such as LUX [114]. One might think nonzero
contributions to the direct detection from the interaction via Z ′ which would give strong
constraint on the gauge coupling. However constraint from DM direct detection is not sig-
nificant in our model since the vector current of DM, which induces spin independent cross
section, identically vanishes due to the Majorana property of our DM X . Contribution to
the direct detection arises from only vector axial current (as we will show below), which
does not give the nonzero spin independent cross section but spin dependent one. Therefore
we do not need to consider the direct detection constraints, since all of them are safe.
Relic density: We have annihilation modes induced by gauge and Yukawa interactions to
explain the relic density of DM: Ωh2 ≈ 0.12 [115], and their relevant Lagrangian in basis of
mass eigenstates is found to be 4
−L = LZ′ + iM
′
11
v′2
X¯PRXz
′
ϕ2
(
+
∑
β=2,3
i
M ′1β
v′2
X¯PRψβz
′
ϕ2
)
+ (Yν)α1ν¯αPRX(ηR − iηI) +
√
2(Yν)α1ℓ¯αPRXη
− + c.c., (II.27)
where M ′11 ≡
∑
i,j=1,2 VN1iy
′
Nij
V TNj1v
′
2/
√
2, and fSM is all the fermions of SM. However since
the typical Yukawa couplings in order to satisfy LFV constraints are O(0.01) as we see that
in the previous subsection, one finds that any annihilation modes via Yukawa couplings
cannot be dominant. Thus we just focus on the processes of Z ′ and the GB final state.
Then the squared amplitudes for the processes XX¯ → f f¯ , νaν¯a, 2z′ϕ2 are respectively given
3 The bosonic DM candidate has been discussed in ref.[104].
4 In general the second term below is also proportional to M ′12 and M
′
13, but these contributions are
negligibly small when we take mψ2,3 is larger than MX by a few factor at least.
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by
|M¯(XX¯ → f f¯)|2 ≈ 1
8
(s− 4M2X)
∑
f
∣∣∣∣∣ g
2
BLQ
X
BLQ
f
BL
s−m2Z′ + imZ′ΓZ′
∣∣∣∣∣
2 [
cos 2θ(s− 4m2f) + 4m2f + 3s
]
,
(II.28)
|M¯(XX¯ → νν¯)|2 ≈ 3s
16
(s− 4M2X)
∣∣∣∣ g2BLQXBLs−m2Z′ + imZ′ΓZ′
∣∣∣∣
2
(cos 2θ + 3), (II.29)
|M¯(XX¯ → 2GB)|2 ≈ −|M
′
11|4
2v′ϕ2
×
2(2M4X + 2M
2
Xs− s2)s2 + s cos2 θ(s− 4M2X)[s(s+ 4M2X)− 4M4X + s cos2 θ(s− 4M2X)]
[s2 − s cos2 θ(s− 4M2X)]2
,
(II.30)
where s denote one of the Mandelstam variables, θ is one of the phase space angle which is
integrated out from zero to π as we will see below. ΓZ′ is the total decay width of Z
′, where
contributions from all SM fermions are included since we expect mZ′ is rather heavy. The
total decay width of Z ′ is given by summing up the partial decay widths Eqs. (II.24)-(II.25)
if kinematically allowed. Note also that Z ′ mass is given by mZ′ = gBL
√
(v′1)2 + (8v
′
2)
2.
Then the relic density of DM is given by [117]
Ωh2 ≈ 1.07× 10
9√
g∗(xf )MP lJ(xf )[GeV]
, (II.31)
where g∗(xf ≈ 25) is the degrees of freedom for relativistic particles at temperature Tf =
MX/xf , MP l ≈ 1.22× 1019 GeV, and J(xf )(≡
∫∞
xf
dx 〈σvrel〉
x2
) is given by [118]
J(xf ) =
∫ ∞
xf
dx


∫∞
4M2
X
ds
√
s− 4M2X [W f(s) +W ν(s) +WGB(s)]K1
( √
s
MX
x
)
16M5Xx[K2(x)]
2

 , (II.32)
W f(s) =
s− 4M2X
24π
∑
f
Cf
∣∣∣∣∣ g
2
BLQ
X
BLQ
f
BL
s−m2Z′ + imZ′ΓZ′
∣∣∣∣∣
2
√
1− 4m
2
f
s
(2m2f + s), (II.33)
W ν(s) =
s(s− 4M2X)
16π
∣∣∣∣ g2BLQXBLs−m2Z′ + imZ′ΓZ′
∣∣∣∣
2
, (II.34)
WGB(s) =
|M ′11|4
64πv′4ϕ2

(3s2 − 4M4X)

 π2sM2X
√
M4X
4sM2X − s2
−
tan−1
[
s−2M2
X√
s(4M2
X
−s)
]
s3/2
√
4M2X − s

− 4

 ,
(II.35)
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where Cf (Cf = 1 for leptons and Cf = 3 for quarks) is color factor, W (s) is defined by
1
16π
∑
a
∫ π
0
sin θ|M¯|2, and we implicitly impose the kinematical constraint above. In fig. 5,
we show MX and relic density of DM, fixing the following parameters:
5
gBL = |VN13 | = 0.0075, mZ′ = 500 GeV, v′2 = 500 GeV,
|M ′11| = 150 GeV, 700 . Mψ2,3 , (II.36)
where v′1 ∼ 66 TeV is found which is consistent with the LEP bound gBL/mZ′ =
1/
√
v′21 + (8v
′
2)
2 ≤ 1/(7 TeV) [119]. We find that observed relic density can be obtained
for mZ′ ∼ 2MX due to the resonance enhancement of the annihilation cross section. In
addition It also suggests that relic density can be also explained by XX → 2GB mode
where MX . 100 GeV is required for 150 GeV ≤ |M ′1β |; for larger |M ′1β |, heavier DM mass
region is also allowed. Here let us explore this behavior of relic density considring the prop-
erties of annihilation modes. Increasing the DM mass, the cross section of Z ′ exchanging
mode simply decreases up to the resonant point, and then it simply starts to increases as
approaching MX ∼ mZ′/2. Therefore its relic density behaves as the opposite manner to
the cross section. On the other hand the cross section for GB final states simply decreases
when we increase the DM mass fixing other parameters. Then this behavior increases the
relic density of DM. In total the relic density starts to increase up toMX . 230 GeV (before
the resonant point), since the GB mode contribution is stronger than the Z ′ exchanging
mode. But once it reaches at around the resonant point, the Z ′ mode contribution becomes
stronger due to the resonance. After that, it simply increases due to both of property, when
the DM mass increases.
As a comprehensive discussion, one might consider the case of coannihilation that can
be possible in general. The simplest case could be that the masses of ψ1,2,3 are almost
degenerate. In this case, the total cross section simply decrease. Therefore, the allowed
region at around the resonant point becomes to be narrower, and the lighter DM mass
satisfying the relic density becomes to increase. The other cases could cause among Z ′ and
or CP-even bosons, but this is beyond our scope because the behavior of relic density is very
complicated.
5 Notice here that the mode of GB does not depend on the mass of ψ1 and ψ2 so much.
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FIG. 5: The correlation between MX and Ωh
2 for a benchmark point.
III. CONCLUSION
We have proposed a model providing the neutrino mass and mixing at one loop-level
with a nontrivial U(1)B−L gauge symmetry based on the model proposed by [104], in which
the remnant Z2 symmetry still be there even after the spontaneous symmetry breaking of
U(1)B−L, and a fermionic DM candidate has been discussed instead of bosonic one. Then
we have given formulas for neutrino mass matrix, branching ratio of ℓ → ℓ′γ and relic
density of DM. Notice that, in our model, a physical GB appears, which is the consequence
of two kinds of bosons ϕ1 and ϕ2 to break U(1)B−L, where we have selected z′ϕ2 as the
physical GB by taking v′2 << v
′
1. Then we have had a global analysis to satisfy the neutrino
oscillation and LFVs, and found the typical order of Yukawa couplings are of the order 0.01.
It suggests that Yukawa contribution to the DM relic density is negligibly small. Thus we
have not considered this contribution in the DM analysis. Instead, we have considered the
GB contribution to the relic density of DM.
In the DM analysis, we have shown the behavior of relic density in term os DM mass,
preparing a benchmark point. The first solution arises from the contribution of GB mode,
and the second one comes from Z ′ mode as a resonance; mZ′ ≃ 2MX .
15
Acknowledgments
H. O. thanks Prof. Seungwon Baek for fruitful discussions, and is sincerely grateful for
the KIAS member and all around.
[1] A. Zee, Phys. Lett. B 93, 389 (1980) [Erratum-ibid. B 95, 461 (1980)].
[2] T. P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980).
[3] A. Pilaftsis, Z. Phys. C 55, 275 (1992) [hep-ph/9901206].
[4] E. Ma, Phys. Rev. D 73, 077301 (2006) [hep-ph/0601225].
[5] P. -H. Gu and U. Sarkar, Phys. Rev. D 77, 105031 (2008) [arXiv:0712.2933 [hep-ph]].
[6] N. Sahu and U. Sarkar; Phys. Rev. D 78, 115013 (2008) [arXiv:0804.2072 [hep-ph]].
[7] P. -H. Gu and U. Sarkar, Phys. Rev. D 78, 073012 (2008) [arXiv:0807.0270 [hep-ph]].
[8] D. Aristizabal Sierra and D. Restrepo, JHEP 0608, 036 (2006) [hep-ph/0604012].
[9] R. Bouchand and A. Merle, JHEP 1207, 084 (2012) [arXiv:1205.0008 [hep-ph]].
[10] K. L. McDonald, JHEP 1311, 131 (2013) [arXiv:1310.0609 [hep-ph]].
[11] E. Ma, Phys. Lett. B 732, 167 (2014) [arXiv:1401.3284 [hep-ph]].
[12] Y. Kajiyama, H. Okada and K. Yagyu, Nucl. Phys. B 887, 358 (2014) [arXiv:1309.6234
[hep-ph]].
[13] S. Kanemura, O. Seto and T. Shimomura, Phys. Rev. D 84, 016004 (2011) [arXiv:1101.5713
[hep-ph]].
[14] S. Kanemura, T. Nabeshima and H. Sugiyama, Phys. Lett. B 703, 66 (2011) [arXiv:1106.2480
[hep-ph]].
[15] S. Kanemura, T. Nabeshima and H. Sugiyama, Phys. Rev. D 85, 033004 (2012)
[arXiv:1111.0599 [hep-ph]].
[16] D. Schmidt, T. Schwetz and T. Toma, Phys. Rev. D 85, 073009 (2012) [arXiv:1201.0906
[hep-ph]].
[17] S. Kanemura and H. Sugiyama, Phys. Rev. D 86, 073006 (2012) [arXiv:1202.5231 [hep-ph]].
[18] Y. Farzan and E. Ma, Phys. Rev. D 86, 033007 (2012) [arXiv:1204.4890 [hep-ph]].
[19] K. Kumericki, I. Picek and B. Radovcic, JHEP 1207, 039 (2012) [arXiv:1204.6597 [hep-ph]].
16
[20] K. Kumericki, I. Picek and B. Radovcic, Phys. Rev. D 86, 013006 (2012) [arXiv:1204.6599
[hep-ph]].
[21] E. Ma, Phys. Lett. B 717, 235 (2012) [arXiv:1206.1812 [hep-ph]].
[22] G. Gil, P. Chankowski and M. Krawczyk, Phys. Lett. B 717, 396 (2012) [arXiv:1207.0084
[hep-ph]].
[23] H. Okada and T. Toma, Phys. Rev. D 86, 033011 (2012) arXiv:1207.0864 [hep-ph].
[24] D. Hehn and A. Ibarra, Phys. Lett. B 718, 988 (2013) [arXiv:1208.3162 [hep-ph]].
[25] P. S. B. Dev and A. Pilaftsis, Phys. Rev. D 86, 113001 (2012) [arXiv:1209.4051 [hep-ph]].
[26] Y. Kajiyama, H. Okada and T. Toma, Eur. Phys. J. C 73, 2381 (2013) [arXiv:1210.2305
[hep-ph]].
[27] T. Toma and A. Vicente, JHEP 1401, 160 (2014) [arXiv:1312.2840, arXiv:1312.2840 [hep-
ph]].
[28] S. Kanemura, T. Matsui and H. Sugiyama, Phys. Lett. B 727, 151 (2013) [arXiv:1305.4521
[hep-ph]].
[29] S. S. C. Law and K. L. McDonald, JHEP 1309, 092 (2013) [arXiv:1305.6467 [hep-ph]].
[30] S. Baek and H. Okada, arXiv:1403.1710 [hep-ph].
[31] S. Kanemura, T. Matsui and H. Sugiyama, Phys. Rev. D 90, 013001 (2014) [arXiv:1405.1935
[hep-ph]].
[32] S. Fraser, E. Ma and O. Popov, Phys. Lett. B 737, 280 (2014) [arXiv:1408.4785 [hep-ph]].
[33] A. Vicente and C. E. Yaguna, JHEP 1502, 144 (2015) [arXiv:1412.2545 [hep-ph]].
[34] S. Baek, H. Okada and K. Yagyu, JHEP 1504, 049 (2015) [arXiv:1501.01530 [hep-ph]].
[35] A. Merle and M. Platscher, Phys. Rev. D 92, no. 9, 095002 (2015) [arXiv:1502.03098 [hep-
ph]].
[36] D. Restrepo, A. Rivera, M. Sa´nchez-Pela´ez, O. Zapata and W. Tangarife, arXiv:1504.07892
[hep-ph].
[37] A. Merle and M. Platscher, JHEP 1511, 148 (2015) [arXiv:1507.06314 [hep-ph]].
[38] W. Wang and Z. L. Han, Phys. Rev. D 92, 095001 (2015) [arXiv:1508.00706 [hep-ph]].
[39] Y. H. Ahn and H. Okada, Phys. Rev. D 85, 073010 (2012) [arXiv:1201.4436 [hep-ph]].
[40] E. Ma, A. Natale and A. Rashed, Int. J. Mod. Phys. A 27, 1250134 (2012) [arXiv:1206.1570
[hep-ph]].
[41] A. E. Carcamo Hernandez, I. d. M. Varzielas, S. G. Kovalenko, H. Pa¨s and I. Schmidt, Phys.
17
Rev. D 88, 076014 (2013) [arXiv:1307.6499 [hep-ph]].
[42] E. Ma and A. Natale, Phys. Lett. B 723, 403 (2014) [arXiv:1403.6772 [hep-ph]].
[43] E. Ma, Phys. Lett. B 741, 202 (2015) [arXiv:1411.6679 [hep-ph]].
[44] E. Ma, arXiv:1504.02086 [hep-ph].
[45] E. Ma, Phys. Rev. Lett. 112, 091801 (2014) [arXiv:1311.3213 [hep-ph]].
[46] H. Okada and K. Yagyu, Phys. Rev. D 89, 053008 (2014) [arXiv:1311.4360 [hep-ph]].
[47] H. Okada and K. Yagyu; Phys. Rev. D 90, no. 3, 035019 (2014) [arXiv:1405.2368 [hep-ph]].
[48] V. Brdar, I. Picek and B. Radovcic, Phys. Lett. B 728, 198 (2014) [arXiv:1310.3183 [hep-ph]].
[49] H. Okada, Y. Orikasa and T. Toma, arXiv:1511.01018 [hep-ph].
[50] F. Bonnet, M. Hirsch, T. Ota and W. Winter, JHEP 1207, 153 (2012) [arXiv:1204.5862
[hep-ph]].
[51] F. R. Joaquim and J. T. Penedo, Phys. Rev. D 90, no. 3, 033011 (2014) [arXiv:1403.4925
[hep-ph]].
[52] H. Davoudiasl and I. M. Lewis, Phys. Rev. D 90, no. 3, 033003 (2014) [arXiv:1404.6260
[hep-ph]].
[53] M. Lindner, S. Schmidt and J. Smirnov, arXiv:1405.6204 [hep-ph];
[54] H. Okada and Y. Orikasa, Phys. Lett. B 760, 558 (2016) [arXiv:1412.3616 [hep-ph]].
[55] Y. Mambrini, S. Profumo and F. S. Queiroz, arXiv:1508.06635 [hep-ph].
[56] S. M. Boucenna, S. Morisi and J. W. F. Valle, Adv. High Energy Phys. 2014, 831598 (2014)
[arXiv:1404.3751 [hep-ph]].
[57] A. Ahriche, S. M. Boucenna and S. Nasri, arXiv:1601.04336 [hep-ph].
[58] S. Fraser, C. Kownacki, E. Ma and O. Popov, arXiv:1511.06375 [hep-ph].
[59] S. Fraser, E. Ma and M. Zakeri, arXiv:1511.07458 [hep-ph].
[60] R. Adhikari, D. Borah and E. Ma, arXiv:1512.05491 [hep-ph].
[61] H. Okada and Y. Orikasa, Phys. Rev. D 94, no. 5, 055002 (2016) [arXiv:1512.06687 [hep-ph]].
[62] A. Ibarra, C. E. Yaguna and O. Zapata, Phys. Rev. D 93, no. 3, 035012 (2016)
[arXiv:1601.01163 [hep-ph]].
[63] C. Arbelaez, A. E. C. Hernandez, S. Kovalenko and I. Schmidt, arXiv:1602.03607 [hep-ph].
[64] A. Ahriche, K. L. McDonald, S. Nasri and I. Picek, Phys. Lett. B 757, 399 (2016)
[arXiv:1603.01247 [hep-ph]].
[65] W. B. Lu and P. H. Gu, arXiv:1603.05074 [hep-ph].
18
[66] C. Kownacki and E. Ma, arXiv:1604.01148 [hep-ph].
[67] A. Ahriche, K. L. McDonald and S. Nasri, arXiv:1604.05569 [hep-ph].
[68] A. Ahriche, A. Manning, K. L. McDonald and S. Nasri, arXiv:1604.05995 [hep-ph].
[69] E. Ma, N. Pollard, O. Popov and M. Zakeri, arXiv:1605.00991 [hep-ph].
[70] T. Nomura, H. Okada and Y. Orikasa, Phys. Rev. D 94, no. 5, 055012 (2016)
[arXiv:1605.02601 [hep-ph]].
[71] C. Hagedorn, T. Ohlsson, S. Riad and M. A. Schmidt, arXiv:1605.03986 [hep-ph].
[72] O. Antipin, P. Culjak, K. Kumericki and I. Picek, arXiv:1606.05163 [hep-ph].
[73] T. Nomura and H. Okada, Phys. Lett. B 761, 190 (2016) [arXiv:1606.09055 [hep-ph]].
[74] P. H. Gu, E. Ma and U. Sarkar, arXiv:1608.02118 [hep-ph].
[75] S. Y. Guo, Z. L. Han and Y. Liao, arXiv:1609.01018 [hep-ph].
[76] A. E. Carcamo Hernandez, arXiv:1512.09092 [hep-ph].
[77] L. Megrelidze and Z. Tavartkiladze, arXiv:1609.07344 [hep-ph].
[78] K. Cheung, T. Nomura and H. Okada, arXiv:1610.02322 [hep-ph].
[79] O. Seto and T. Shimomura, arXiv:1610.08112 [hep-ph].
[80] W. B. Lu and P. H. Gu, arXiv:1611.02106 [hep-ph].
[81] A. Hessler, A. Ibarra, E. Molinaro and S. Vogl, arXiv:1611.09540 [hep-ph].
[82] H. Okada, N. Okada and Y. Orikasa, Phys. Rev. D 93, no. 7, 073006 (2016) [arXiv:1504.01204
[hep-ph]].
[83] P. Ko, T. Nomura and H. Okada, arXiv:1701.05788 [hep-ph].
[84] P. Ko, T. Nomura and H. Okada, arXiv:1702.02699 [hep-ph].
[85] S. Lee, T. Nomura and H. Okada, arXiv:1702.03733 [hep-ph].
[86] O. Antipin, P. Culjak, K. Kumericki and I. Picek, Phys. Lett. B 768, 330 (2017)
[arXiv:1703.05075 [hep-ph]].
[87] D. Borah, S. Sadhukhan and S. Sahoo, arXiv:1703.08674 [hep-ph].
[88] C. W. Chiang, H. Okada and E. Senaha, arXiv:1703.09153 [hep-ph].
[89] T. Kitabayashi, S. Ohkawa and M. Yasue, arXiv:1703.09417 [hep-ph].
[90] A. Das, T. Nomura, H. Okada and S. Roy, arXiv:1704.02078 [hep-ph].
[91] W. Wang, R. Wang, Z. L. Han and J. Z. Han, arXiv:1705.00414 [hep-ph].
[92] T. Nomura and H. Okada, arXiv:1704.08581 [hep-ph].
[93] C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz and S. Pascoli, Phys. Rev. D 77,
19
043516 (2008) doi:10.1103/PhysRevD.77.043516 [hep-ph/0612228].
[94] X. G. He and S. K. Majee, JHEP 1203, 023 (2012) doi:10.1007/JHEP03(2012)023
[arXiv:1111.2293 [hep-ph]].
[95] Y. Farzan, Phys. Rev. D 80, 073009 (2009) [arXiv:0908.3729 [hep-ph]].
[96] J. Herrero-Garcia, T. Ohlsson, S. Riad and J. Wiren, JHEP 1704, 130 (2017)
[arXiv:1701.05345 [hep-ph]].
[97] D. Suematsu, T. Toma and T. Yoshida, Phys. Rev. D 79, 093004 (2009) [arXiv:0903.0287
[hep-ph]].
[98] D. Restrepo, O. Zapata and C. E. Yaguna, JHEP 1311, 011 (2013) [arXiv:1308.3655 [hep-
ph]].
[99] R. Cepedello, M. Hirsch and J. C. Helo, arXiv:1705.01489 [hep-ph].
[100] W. Wang and Z. L. Han, JHEP04 (2017) 166 [arXiv:1611.03240 [hep-ph]].
[101] C. Guo, S. Y. Guo, Z. L. Han, B. Li and Y. Liao, arXiv:1701.02463 [hep-ph].
[102] M. Lindner, M. Platscher and F. S. Queiroz, arXiv:1610.06587 [hep-ph].
[103] Y. Cai, J. Herrero-Garcia, M. A. Schmidt, A. Vicente and R. R. Volkas, arXiv:1706.08524
[hep-ph].
[104] S. Singirala, R. Mohanta and S. Patra, arXiv:1704.01107 [hep-ph].
[105] S. Weinberg, Phys. Rev. Lett. 110, no. 24, 241301 (2013) [arXiv:1305.1971 [astro-ph.CO]].
[106] C. Brust, D. E. Kaplan and M. T. Walters, JHEP 1312, 058 (2013) [arXiv:1303.5379 [hep-
ph]].
[107] A. Belyaev, N. D. Christensen and A. Pukhov, Comput. Phys. Commun. 184, 1729 (2013)
[arXiv:1207.6082 [hep-ph]].
[108] P. M. Nadolsky, H. L. Lai, Q. H. Cao, J. Huston, J. Pumplin, D. Stump, W. K. Tung and
C.-P. Yuan, Phys. Rev. D 78, 013004 (2008) [arXiv:0802.0007 [hep-ph]].
[109] M. Aaboud et al. [ATLAS Collaboration], JHEP 1710, 182 (2017) [arXiv:1707.02424 [hep-
ex]].
[110] G. Belanger, K. Kannike, A. Pukhov and M. Raidal, JCAP 1204, 010 (2012)
[arXiv:1202.2962 [hep-ph]].
[111] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP 1411, 052 (2014) [arXiv:1409.5439
[hep-ph]].
[112] A. M. Baldini et al. [MEG Collaboration], Eur. Phys. J. C 76, no. 8, 434 (2016)
20
[arXiv:1605.05081 [hep-ex]].
[113] J. Adam et al. [MEG Collaboration], Phys. Rev. Lett. 110, 201801 (2013) [arXiv:1303.0754
[hep-ex]].
[114] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 118, no. 2, 021303 (2017)
[arXiv:1608.07648 [astro-ph.CO]].
[115] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 571, A16 (2014)
[arXiv:1303.5076 [astro-ph.CO]].
[116] K. Cheung, H. Ishida and H. Okada, arXiv:1609.06231 [hep-ph].
[117] J. Edsjo and P. Gondolo, Phys. Rev. D 56, 1879 (1997) [hep-ph/9704361].
[118] K. Nishiwaki, H. Okada and Y. Orikasa, Phys. Rev. D 92, no. 9, 093013 (2015)
[arXiv:1507.02412 [hep-ph]].
[119] S. Schael et al. [ALEPH and DELPHI and L3 and OPAL and LEP Electroweak Collabora-
tions], Phys. Rept. 532, 119 (2013) [arXiv:1302.3415 [hep-ex]].
[120] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74, 015007 (2006) [hep-ph/0603188].
[121] A. Belyaev, N. D. Christensen and A. Pukhov, Comput. Phys. Commun. 184, 1729 (2013)
[arXiv:1207.6082 [hep-ph]].
[122] The ATLAS collaboration [ATLAS Collaboration], ATLAS-CONF-2016-045.
[123] CMS Collaboration [CMS Collaboration], CMS-PAS-EXO-16-031.
21
